cross section was measured at 140 and 270 MeV at the same angles. These high precision data were compared with theoretical predictions based on exact solutions of three-nucleon Faddeev equations and modern nucleonnucleon potentials combined with three-nucleon forces. Three-body interactions representing a wide range of present day models have been used: the Tucson-Melbourne 2-exchange model, a modification thereof closer to chiral symmetry, the Urbana IX model, and a phenomenological spin-orbit ansatz. Large three-nucleon force effects are predicted, especially at the two higher energies. However, only some of them, predominantly d/d⍀ and A y d , are supported by the present data. For tensor analyzing powers the predicted effects are in drastic conflict to the data, indicating defects of the present day three-nucleon force models.
I. INTRODUCTION
One current interest for the investigations of few-nucleon system focuses on the study of three-nucleon force ͑3NF͒ properties in the three-nucleon continuum. One of the main goals of experimental and theoretical pursuits is to establish the relevance of the 3NF in the nuclear Hamiltonian, in terms of which nuclear phenomena can be understood. Despite the fact that the meson-exchange picture undoubtedly predicts such forces, 3NFs cause only a small perturbation to mostly pairwise interactions of three nucleons. Their clear signature can only be seen in precise experimental data. Therefore, to find evidence for them and to nail down their properties present a hard task.
Decades of intensive theoretical and experimental efforts led recently to a new generation of realistic nucleon-nucleon ͑NN͒ potentials: AV18 ͓1͔, CD-Bonn ͓2-4͔, Nijm I, II, and 93 ͓5͔. They have been constructed using meson-exchange or more phenomenological approaches with the aim to describe the rich set of experimental NN data as precisely as possible. This nontrivial aim has been achieved with unprecedented precision of a 2 per data point very close to one. Those realistic NN forces fail to provide experimental binding energies of few-nucleon systems and lead to clear underbinding. For three-and four-nucleon systems, where exact solutions of the Schrödinger equation are available, this underbinding amounts to 0.5-1 MeV in the case of 3 H and 3 He, and to 2-4 MeV for 4 He ͓6͔. For systems with more nucleons, where stochastic techniques ͓7,8͔ allow us to go up to Aϭ8 nuclei, the underbinding is as large as Ϸ10 MeV. Natural candidates to fill the gaps are 3NFs. The most representative and early version of a 3NF model is the FujitaMiyazawa force ͓9͔, a 2 exchange between three nucleons with an intermediate ⌬ excitation. Later this mechanism has been incorporated into more refined theoretical 3NF models, such as the Tucson-Melbourne ͑TM͒ 3NF ͓10,11͔ and the Urbana IX three-body interaction ͓12͔. For 3N and 4N systems, one can achieve the correct binding energies with the TM or Urbana IX 3NFs. However, in case of higher-mass nuclei up to Aϭ8 only a reduction of the underbinding for the low-energy bound states follows, leaving in addition an insufficient spin-orbit splitting of some nuclear levels ͓7,13͔. Thus those first promising signals for 3NF effects also indicate simultaneously deficiencies of present day 3NF models. Comparison of theoretical and experimental binding energies points to the necessity of a 3NF and is used mainly to constrain its overall strength. A more detailed investigation of 3NF properties offers the 3N continuum, where a rich set of spin observables is available in elastic nucleon-deuteron (Nd) scattering and the deuteron breakup processes.
The recent progress in computational resources made it possible to perform rigorous numerical Faddeev-type calculations for the 3N scattering processes using 2N and 3N forces ͓14 -16͔. It provided the possibility to use 3N scattering processes with their rich set of spin observables as a unique tool for a more detailed investigation of 3NF properties than offered by bound states. This together with an ex-*Email address: kimiko@nucl.phys.s.u-tokyo.ac.jp perimental access to high precision data for the cross sections and spin observables in Nd elastic scattering and the breakup processes will form a solid basis to test the 3N Hamiltonian. Especially interesting are spin observables at higher energies (E/Aտ20 MeV) with the initial nucleon and/or deuteron polarized and where the polarization of the outgoing particles is also measured. This was proposed in Ref. ͓17͔ . Even the simplest observables, the unpolarized cross section and first-order spin observables, such as the vector and tensor analyzing powers, are of great importance. At lower energies (E/AՇ20 MeV), theoretically predicted 3NF effects are rather small, and indeed a generally good description of Nd elastic scattering data by 2N forces only is obtained ͓16,18͔. The only clear-cut exceptions are the low energy vector analyzing powers, for which drastic discrepancies exist between all realistic 2N force predictions and the data in the region around the maximum near c.m. ϭ120°͓ 16,19͔. This was first pointed out by Koike and Haidenbauer ͓20͔. These discrepancies are seen in the neutron-deuteron (nd) and proton-deuteron (pd) data for the cases of polarized nucleons (A y ) and polarized deuterons (A y d ). One possible reason for these discrepancies might lie in the insufficient knowledge of the 3 P j NN force components ͓21͔ to which the low energy vector analyzing powers are very sensitive. There is also good reason to expect that 3NFs beyond the ones already mentioned might cure these discrepancies. This is suggested by chiral perturbation theory ͓22,23͔. The predicted effects of the present day 3NF models for these observables are very small ͓17,18͔.
The first evidence for strong 3NF effects in the 3N continuum came from a study of the minima of the Nd elastic scattering cross sections at incoming nucleon energies greater than Ϸ60 MeV ͓24͔. A large part of the discrepancy between the data and predictions based exclusively on NN forces could be removed, when the 2-exchange TM 3NF properly adjusted to the triton binding energy was included in the 3N Hamiltonian. A coupled channel study of Nd scattering including ⌬-isobar excitation ͓25͔ leads to similar improvements. Also a precise measurement of the nd total cross section ͓26,27͔ revealed that a discrepancy between the data and the 2N force predictions at energies above Ϸ100 MeV is mostly removed by the TM 3NF. In this case, however, the data possibly also indicate a growing importance of relativistic effects with increasing energy ͓27͔.
One can expect that also polarization observables at higher energies, similar to the cross section, will exhibit 3NF effects. However, the existing higher-energy data basis for proton analyzing powers is rather poor. To the best of our knowledge up until recently there were only seven data sets, six from pd (65 MeV ͓28͔, 120 MeV ͓29͔, 135 MeV ͓30͔, 146 MeV ͓31͔, 155 MeV ͓32͔, 200 MeV ͓29,33͔͒ and one from nd (65 MeV ͓34͔͒ measurements. With the exception of the precise polarization measurements of Refs. ͓28͔ and ͓33͔ the other sets exhibit large uncertainties in the interesting angular range or cover it only partially. Very recently the situation for this observable significantly improved with the new data of Refs. ͓35-38͔. For the deuteron analyzing powers, the situation is more unsatisfactory. The only The developments in technology of highly polarized proton and deuteron ion sources as well as their application in recently constructed accelerators, together with new sophisticated techniques of target polarization, made it now possible to get much more precise data for the spin observables, not only in the low-energy region (E/AՇ20 MeV), but also at the higher energies (E/Aտ20 MeV). The constructions of high precision polarimeters also allowed us recently to get accurate data on more complex spin polarization transfer observables ͓42͔.
In the framework of our polarized deuteron beam project, a polarized deuteron ion source ͓43͔ was constructed at RIKEN together with the development of a spin rotation Wien filter system ͓44͔, allowing one to direct the spin in any direction, which is especially important for applying it with the RIKEN SMART ͑a swinger and a magnetic analyzer with rotators and twisters͒ magnetic spectrograph ͓45͔. A calibration of the higher energy in-beam deuteron polarimeter was achieved in our previous measurement of d-p elastic scattering at E d lab ϭ270 MeV, which covered the angular range of c.m. ϭ60°-140°͓46͔.
In view of the success in obtaining high precision spin observables in our earlier experiments ͓47-49͔, the experimental setup has been modified to extend the measurement to all deuteron analyzing powers (A y d , A yy , A xx , and A xz ) together with the cross section for d-p elastic scattering at E d lab ϭ270 MeV to a much wider angular range of c.m. ϭ10°Ϫ180°͓42͔. In Ref. ͓42͔ the data were compared with the theoretical predictions based on various NN potentials combined with the TM 3NF. The discrepancy in the cross section minimum to NN force predictions only is removed by adding the TM 3NF, as is predicted in Ref. ͓24͔ . The inclusion of the TM 3NF removes even the discrepancy at backward angles. For the deuteron analyzing power A y d the TM 3NF is similarly successful as in the case of the cross section in filling the gap between the data and the pure 2N force predictions. Note that the recent data for A y d and the spin correlation coefficient C y,y at 197 MeV by Cadman et al. ͓37͔ are also reproduced by adding the TM 3NF. However, for the deuteron tensor analyzing powers the theoretically predicted TM 3NF effects do not improve the description of the experimental data, and this presents a great challenge to theoreticians. Recently, nucleon vector analyzing power data have revealed the deficiency of this particular 3NF model ͓35-38͔, which produces large but wrong effects. In this case the Urbana IX and TMЈ 3NFs ͑the TMЈ is a version of the TM 3NF that is more consistent with chiral symmetry ͓22,23,50͔͒ are much more successful and lead to rather good agreement with the data ͓17,38͔.
In Ref.
͓17͔ it was documented that the most popular current 3NF models show large effects for many spin observables in elastic Nd scattering. Clearly the present situation is only the very beginning for the investigation of the spin structure of the 3NF. More numerous high precision data are needed to provide constraints on theoretical 3NF models. It is the aim of the present study to provide a complete set of high precision data for deuteron analyzing powers at incoming deuteron energies E d lab ϭ140, 200, and 270 MeV, and to compare them with present day 3NF predictions. Some of the data at 270 MeV have been reported previously ͓42͔. In addition to the extension of the measurement to other energies we cover now a wider angular range up to the very backward region of angles c.m. ϭ10°-180°.
In Sec. II we present the details of the experimental arrangement and Sec. III deals with the data analysis and the experimental results. In Sec. IV we review the 3N scattering formalism and give a short description of the 3NFs used in this study. Our experimental results are compared with the theoretical predictions in Sec. V. Summary and conclusions follow in Sec. VI.
II. EXPERIMENTAL PROCEDURE
The cross section and a complete set of deuteron analyzing powers were measured with the SMART magnetic spectrograph ͓45͔ at the RIKEN Accelerator Research Facility. Part of the data was also obtained with a beam line polarimeter. Details of the experimental procedure together with the data reduction, when a beam line polarimeter is used, are described in Ref. ͓46͔ . In the following subsections we mainly present a description of the experimental procedure when the magnetic spectrograph is used.
A. Polarized deuteron beams and target
The vector and tensor polarized deuteron beams were provided by the atomic beam type RIKEN polarized ion source ͓43͔. The deuteron vector ( P Z ) and tensor ( P ZZ ) beam polarizations are given in terms of the occupation probabilities N ϩ , N 0 , and N Ϫ of different deuteron spin magnetic substates ϩ1, 0, and Ϫ1, respectively, by
In the present measurements data were taken with the polarization modes of the polarized and unpolarized deuteron beams given in terms of the theoretical maximum polarization values as ( P Z , P ZZ )ϭ(0,0), (0,Ϫ2), (Ϫ2/3,0), and (1/3,1). These polarization modes were changed cyclically at intervals of 5 s by switching the rf transition units of the ion source. In the measurements actual magnitudes of the beam polarizations were 60-80 % of the theoretical maximum val- 
B. Beam line polarimeter
The beam polarization was monitored by two sets of beam line polarimeters. The first, the D-room polarimeter, was installed downstream of the Ring cyclotron. It was used for determination of the beam polarization after the deuterons were accelerated by the Ring cyclotron. The second, the swinger polarimeter ͑see Fig. 1͒ , was placed in front of the scattering chamber in the experimental room. Since we rotated the incident beam direction by using the beam-swinger system of the SMART spectrograph in this measurement ͑see Sec. II C͒, the polarization axis of the beam was precessed during the beam transportation from the D-room polarimeter to the target position. The swinger polarimeter moved with the beam swinger so that this polarimeter could measure directly the beam polarization at the target. We monitored the beam polarization before and after the measurement by using the swinger polarimeter.
The polarimetry was made by using the known analyzing powers for the d -p elastic scattering ͓46,51͔. A CH 2 sheet was used as a target for each polarimeter. The target thickness was 90 mg/cm 2 at 140 and 200 MeV, and 270 mg/cm 2 at 270 MeV for the D-room polarimeter. For the swinger polarimeter the thickness was 90 mg/cm 2 at all three energies. Each polarimeter consisted of four pairs of plastic scintillators with a thickness of 1 cm placed symmetrically in left, right, up, and down directions. The scattered deuterons and recoil protons were detected in a kinematical coincidence. Such a setup allowed us to eliminate background events due to the deuteron breakup process or the inelastic scattering from carbon nuclei.
C. SMART magnetic spectrograph and data acquisition processing
The SMART magnetic spectrograph ͓45͔ consists of a beam swinger and a cascade-type magnetic analyzer with two focal planes ͑see Fig. 1͒ . The three-quadrupole and the two-dipole magnet sets in a QQDQD configuration serve as a high-resolution spectrometer with p/⌬pϭ13000 offering the second focal plane, at which the full angular acceptance is 200 mrad V ϫ50 mrad H (10 msr). The polarized deuteron beams bombarded the CH 2 target placed in the scattering chamber. The incident beam direction was rotated by the swinger magnet, enabling us to measure the angular distribution without rotating the magnetic spectrograph. Note that the reaction plane of the SMART spectrograph is vertical because of this beam-swinger system. Scattered particles were momentum analyzed by the magnetic spectrograph and detected by a multiwire drift chamber ͑MWDC͒ and three plastic scintillators placed at the second focal plane. Depending on the scattering angle, the scattered deuterons ͑forward scattering c.m. р90°) or the recoil protons ͑backward scattering c.m. у90°) were detected by changing the magnetic field of the spectrograph.
The MWDC was used for the reconstruction of the par-
with the coordinate frames defined as follows. The z axis refers to the central ray. The x axis lies normal to the z axis in the horizontal plane and the y axis is taken as xϫẑ. All position sensitive planes are normal to the z axis and separated by a distance of 50 mm from adjacent planes. The planes with primes are a half cell displaced relative to the unprimed ones, which helps to solve the left-right ambiguity. The cell size was 20 mmϫ20 mm for the X plane and 10 mmϫ10 mm for the Y plane. The BICRON BC-408 plastic scintillators of the size 180 mm H ϫ800 mm W ϫ5 mm T were used to generate an event trigger and their light outputs were used for particle identification ͑see Sec. III A͒. The photomultiplier Hamamatsu H1161 tubes were put on both ends of the scintillators via light guides. Figure 2 shows typical twodimensional plots of scintillator detector light output at forward and backward scattering for the measurement performed at 270 MeV. When recoil protons were detected ͓shown in Fig. 2͑b͔͒ , the background deuterons coming from inelastic deuteron scattering on 12 C nuclei occupied a larger part of the spectra than the protons. However, the scintillation light output of deuterons was distinctly larger than that FIG. 1. Arrangement of the RIKEN SMART spectrograph. FP1 and FP2 denote the first and second focal planes, respectively. Scattered particles were momentum analyzed by the SMART spectrograph and detected at the second focal plane. The beam charge for the measurement at lab ϭ0°( c.m. ϭ180°) was collected by the Faraday cup at the high momentum side of the dipole magnet D1.
FIG. 2. Two-dimensional plot of scintillator detector light output for ͑a͒ forward scattering, and ͑b͒,͑c͒ backward scattering. In ͑c͒ the background deuterons from inelastic scattering on 12 C were eliminated using a hardware window gate.
of protons. Thus a hardware window gate for the light output allowed us to eliminate the background deuterons, as shown in Fig. 2͑c͒ .
The beam charge for the measurement at lab ϭ0°( c.m. ϭ180°) was collected by a Faraday cup installed at the high momentum side of the dipole magnet D1 ͑see Fig. 1͒ . At other angles ( lab у3°) the beam charge was collected by a Faraday cup placed in the scattering chamber.
In order to get an accurate scattering angle, ion optical information was needed. For the present measurement the ion optical data for the SMART magnetic spectrograph were taken at three magnetic field strengths, corresponding to three deuteron momenta of 1042, 520, and 369 MeV/c. A sieve-type collimator ͑small holes in grid pattern͒ was applied to calibrate the trajectory in order to reconstruct the scattering angles. The Au(p, p) reaction with H 2 ϩ beams accelerated to E p ϭ135 and 70 MeV was used for the two lower magnetic field calibrations. The thickness of the Au target was 60 m. From these measurements, the angular resolutions of 3.3 and 3.8 mrad were obtained for the horizontal and vertical planes, respectively. Figure 3 shows energy spectra at c.m. ϭ23.3°͑forward scattering͒ and at c.m. ϭ179.5°͑backward scattering͒ for the measurement at 270 MeV. At forward scattering, the main source of background were the deuterons inelastically scattered on carbon nuclei. For backward scattering the main background were the protons produced in the deuteron breakup processes. The physical yields of the d-p elastic scattering were obtained by subtracting the background yields approximated with a third-order polynomial.
III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

A. Cross section
The experimental results are shown in Fig. 4 and Tables  I-III . The open circles in the figure are the experimental data obtained with the SMART spectrograph, while the open squares are the data obtained by using the D-room polarimeter. The errors shown in the figure and the tables are statistical only and are smaller than 1.3%. The ambiguity of the background subtraction for the excitation energy spectrum was estimated to be 3% at most.
B. Determination of the absolute values of the cross section
It is essential to get precise absolute values of the cross section to compare with the state of the art Faddeev calculations. However, it is usually difficult to know experimentally the systematic uncertainty. We tried, therefore, to estimate the systematic uncertainty by comparing a cross section mea- sured at our facility to one known precisely. For this purpose we used the pp elastic scattering for which very reliable data sets exist.
The pp scattering experiment was carried out in the following manner to minimize the systematic uncertainties.
͑1͒ When we finished the d-p scattering measurements at E d ϭ270 ͑140͒ MeV, we immediately changed the beam from deuteron to proton. This was possible since we used the H 2 ϩ ion as the proton beam. The mass of H 2 ϩ is almost identical to that of the deuteron so that we did not need to change any parameters of the accelerators or beam transport system. Note that E H 2 ϩϭ 270 ͑140͒ MeV corresponds to E p ϭ135 ͑70͒ MeV.
͑2͒ Then we measured the pp cross section by using the same CH 2 target, the same beam charge collection system, and the same detection system, which were just used in the previous d-p measurement. Only the magnetic field of the SMART spectrograph had to be lowered to match the pp scattering kinematic condition.
͑3͒ Finally we deduced the pp elastic cross sections (d/d⍀) meas and compared them with the values in the literature. Actually we used the cross section (d/d⍀) calc calculated by the phase-shift analysis program SAID ͓52͔ based on the large NN data basis.
The ratios of (d/d⍀) meas /(d/d⍀) calc at 270 MeV are plotted in Fig. 5 for three measured angles. The average value is 1.010Ϯ0.013. At 140 MeV the measured cross section is also consistent with the calculated ones. These results clearly show that we can measure the pp cross section to an accuracy of 2%, indicating a very small systematic uncertainty. Therefore we conclude that the present d-p cross section also involves just the similar size of systematic uncertainty, i.e., Ͻ2%. This high accuracy is the most characteristic feature of our data. This conclusion is also supported by the fact that the cross sections measured by the SMART spectrograph and those by the D-room polarimeter agree with each other within the statistical uncertainties for overlapping angles.
C. Analyzing powers
The spin-dependent d-p elastic scattering cross section for the polarized deuteron beam expressed in units of the unpolarized cross section is given by Tables  IV-VIII Table V͒ . The uncertainties for the analyzing powers coming from the background in the excitation energy spectrum were estimated as described in the following. The deuteron or proton yields were obtained by integrating the energy spectra of the particles around the peak region. In order to see the effect of the background in the spectrum, the integration range for a peak was changed systematically from the full width at 1/70 maximum to the full width at half maximum. The asymmetry results changed by 0.005 or less. Thus the systematic uncertanities did not over- ride the statistical ones. The integration range of the width at 1/20 maximum was typically adopted to extract the final asymmetry. It should be noted that the two independent measurements provide almost the same results so the systematic errors due to the detection setup for all the deuteron analyzing powers and the cross section are small.
IV. THEORETICAL FORMALISM AND DYNAMICAL INPUT
Nd elastic scattering is described with the initial state composed of the deuteron and a momentum eigenstate of the nucleon. The outgoing state Ј corresponds to a changed outgoing nucleon-deuteron relative momentum. From the matrix element of the elastic scattering transition operator U,
the various spin observables and the differential cross section are calculated ͓16,53͔. In Eq. ͑7͒ G 0 is the free 3N propagator and P takes into account the identity of the nucleons and is the sum of a cyclical and an anticyclical permutation of three nucleons. V 4 (1) is one of the three contributions to the 3N force V 4 ,
where each V 4 (i) is symmetrical under the exchange of the nucleons jk with j i k. In the 2-exchange 3NF V 4 (i) is a contribution to the 3N potential coming from ͑off-shell͒ rescattering of a pion on nucleon i. The first term in Eq. ͑7͒ is the well known single-nucleon exchange contribution and is followed by a single interaction of three-nucleons via a three-nucleon force. The remaining parts result from rescattering among three nucleons induced by two-and threenucleon forces. All these rescatterings are summed up in the integral equation for the amplitude T ͓16,54͔:
where the NN t operator is denoted by t. After projecting on a partial wave momentum space basis, this equation leads to a system of coupled integral equations, which can be solved numerically exactly for any nuclear force. In this study we restricted our partial wave basis taking all states with the total angular momenta jр5 in the two-nucleon subsystem. This corresponds to a maximal number of 142 partial wave states in the 3N system for a given total angular momentum and guarantees converged results for the elastic scattering observables at the energies of the present paper. We checked that convergence has been achieved by looking at the results obtained when including jϭ6 states, which increases the number of states to 194. This convergence check was done without 3NF. The inclusion of a 3NF has been carried through for all total angular momenta of the 3N system up to Jϭ13/2 while the longer ranged 2N interactions require states up to Jϭ25/2. For the details of the formalism and the numerical performance we refer to Refs. ͓14 -16͔.
In this paper we show calculations with various combinations of NN and 3NF forces. The AV18, CD-Bonn, Nijm I, II and 93 forces are the NN forces and the TM 3NF, a modified version thereof labeled as TMЈ, and the Urbana IX force are the 3NFs. In addition, we show the effects of a phenomenological spin-orbit 3NF that is added to the AV18 ϩ Urbana IX combination.
We combined each of those NN interactions with the TM model ͓10,11͔, where the cutoff parameter ⌳ in the strong form factor parametrization was adjusted to reproduce the 3 H binding energy separately for each NN force ͓55͔. The ⌳ values in units of the pion mass m are 5.215, 4.856, 5.120, The standard parametrization of the TM 3NF has been criticized in ͓22,23,50͔ on the basis that it violates chiral symmetry. A form more consistent with chiral symmetry has been proposed by modifying the c term of the TM force and absorbing the long-range part of this term into the a term, leading to its new value aЈϵaϪ2m 2 cϭϪ0.87/m ͓22,23,50͔, and rejecting the rest of the c term. This new form is called TMЈ and the corresponding ⌳ value, when it is used with the CD-Bonn potential, is ⌳ϭ4.593m .
For the AV18 potential we also used the Urbana IX 3NF ͓12͔. That force is based on the Fujita-Miyazawa assumption of an intermediate ⌬ excitation in the 2 exchange ͓9͔ and is augmented by a phenomenological spin-and isospinindependent short-range part. This force was formulated in configuration space ͓12͔. For the partial wave decomposition of the Urbana IX 3NF in momentum space we refer to Ref.
͓17͔.
These three forces cover the present day 3NF models of 2-exchange nature. In the spirit of a meson-exchange picture one should also consider other two-meson exchanges such as -and -. Such extensions have been developed ͓11,56͔ and in Ref. ͓57͔ applied in the 3N continuum. It is found that the effects of the -exchange lead to a reduction of the effects caused by the 2-exchange TM 3NF. The effects induced by -exchanges turned out to be negligible. This requires further investigation.
One of the observables considered here is the deuteron vector analyzing power A y d , for which an unusual large discrepancy between pure 2N force predictions and experimental data exist at low energies (A y puzzle͒ ͓16,19,20͔. Attempts to improve the description of the low-energy vector analyzing powers with the 2-exchange 3NF failed ͓60͔ a phenomenological spin-orbit 3NF ͑SO-3NF͒ was introduced by modifying the L ជ •S ជ term of the NN potential with a two-parameter three-body function depending on the hyperradius :
Such a choice and the restriction to the isospin tϭ1 and spin sϭ1 states in the two-nucleon subsystem i j through the use of the projection operator P 11 were guided by the fact that the low-energy vector analyzing powers show an extreme sensitivity to the 3 P j NN force components. The strength W 0 and the range ␣ were adjusted together with the AV18 potential to improve the description of the low-energy vector analyzing powers and to resolve the low-energy A y puzzle ͓60͔. To check the effects caused by this phenomenological 3NF model at our energies we applied it together with the AV18 potential and the Urbana IX 3NF, taking the mediumrange parameters of Ref. Figure 4 compares the unpolarized differential cross section data taken at E d lab ϭ140 and 270 MeV with the theoretical predictions. The various NN force predictions are very close to each other, forming a narrow band ͑light shaded bands in the figure͒, which reflects the weak dependence on the particular NN interaction used. They clearly underestimate the data for c.m. angles greater than 90°. Especially large differences up to 30% exist in the region of the minimum around c.m. ϭ120°-140°. At 270 MeV, the inclusion of the TM 3NF ͑the dark shaded band͒ leads to a good description of the data in the domain, where the cross section is minimal. The inclusion of the TMЈ ͑short-dashed curve͒ and the Urbana IX ͑solid curve͒ 3NFs also lead to a good agreement to the data. Even in the very backward angles the TM 3NF ͑dark shaded band͒ or the Urbana IX ͑solid curve͒ 3N force provides a good description of the data, while the curve with the TMЈ 3NF ͑short-dashed curve͒ deviates slightly from the data. At 140 MeV, the discrepancy in the cross section minimum is also removed by including 3NFs, however none of the 3NFs improves the agreement in the backward angles. The inclusion of the phenomenological SO-3NF ͑long-dashed curves͒ to the AV18 ϩ Urbana IX prediction ͑solid curves͒ leads only to a minor modification at both energies. Note that the difference seen at forward angles c.m. р30°is due to the neglect of the pp -Coulomb-force interaction in the calculations.
V. COMPARISON OF DATA WITH THEORETICAL PREDICTIONS
In Figs angles. In the case of the TMЈ ͑short-dashed curves͒ or Urbana IX 3NF ͑solid curves͒, they also provide a reasonably good agreement to the data. The inclusion of the phenomenological SO-3NF ͑long-dashed curves͒ changes only slightly the AV18 ϩ Urbana IX 3NF prediction ͑solid curves͒ at all three energies. At 140 MeV the very narrow light shaded band of the 2N force predictions follows the data except for the region around 100°. It is reported that at lower energies (E/AՇ20 MeV) the pp Coulomb force decreases the A y d values significantly around the A y d maximum region at 100°͓18͔. Assuming that this effect acts in the same direction at this energy the inclusion of the pp Coulomb force would explain the above overestimation. In any case the result of the comparison between the data and the 2N force predictions at this energy is different from those at the two higher energies. The predicted effects of the 3NFs are rather small, leading to a small increase of A y d in the region of the A y d minimum, and they do not improve the agreement to the data. The TM ͑dark shaded band͒, TMЈ ͑short-dashed curve͒, and Urbana IX ͑solid curve͒ 3NFs lead practically to the same results.
In the case of the tensor analyzing powers the situation is different and challenging. The spreads of 2N ͑light shaded͒ and 2NϩTM-3NF ͑dark shaded͒ bands are wider than those for the cross section and A y d . At 140 MeV the 2N force predictions ͑light shaded band͒ show a moderate agreement to the data, which is destroyed with increasing energy. The data are not described by any type of 3NFs used. In most cases the description even deteriorates when such 3NFs are included. It is interesting to note that clear differences between various 3NF predictions appear at some angles, especially between the TM ͑dark shaded band͒ and other predictions. The TMЈ ͑short-dashed curves͒ and Urbana IX ͑solid curves͒ 3NFs show in most cases similar effects for all tensor analyzing powers at all three energies. The SO-3NF ͑long-dashed curves͒ changes only slightly the AV18 ϩ Urbana IX predictions ͑solid curves͒.
For A xz the 2N force predictions ͑light shaded band͒ agree quite well with the data at 140 and 270 MeV. At 200 MeV they overestimate the experimental data. The large effects of the TM force ͑dark shaded band͒ are not supported at every energy, while the smaller effects of the Urbana IX force ͑solid curve͒ are most compatible with data. The effects of TMЈ ͑short-dashed curve͒ act in a direction opposite to those of the TM ͑dark shaded bands͒ and they are too large around middle angles at 140 and 270 MeV. For A yy all theoretical predictions have almost the same values and the data are well reproduced by them at forward angles c.m. р40°. At backward angles c.m. у150°, the TM force ͑dark shaded bands͒ is an exception and the data in this region support 2N ͑light shaded bands͒ and other 3NFs, the effects of which are small. A complicated picture of effects arises at intermediate angles. The 2N band ͑light shaded band͒ gives rather good description of the data at 140 MeV, but a difference between the data and the calculations exists persistently around c.m. ϭ120°-150°and becomes larger with increasing energy. Such a deficiency is not removed by adding any of the 3NFs used. The difference between the 2N force predictions ͑light shaded bands͒ and the TM 3NF ones ͑dark shaded bands͒ becomes much more visible at the two higher energies; however, the inclusion of this 3NF shifts the predictions even further away from the data, especially around c.m. ϭ120°-150°. The TMЈ ͑short-dashed curves͒ and Urbana IX ͑solid curves͒ 3NFs also fail to describe the data, although their predictions approach the data around c.m. ϭ120°-150°. For A xx , at 140 and 200 MeV the effects of the TM 3NF ͑dark shaded bands͒ are rather small and their bands as well as the NN one ͑light shaded bands͒ reproduce the data rather well. The TMЈ ͑short-dashed curves͒ and Urbana IX ͑solid curves͒ models overestimate the data at intermediate angles.
At 270 MeV and in the angular region c.m. ϭ50°-150°all 3NFs used lead to large effects of different magnitude and direction. However, such effects are not supported by our data.
A quantitative determination of 3NF effects in terms of reduced 2 values which are obtained by using statistical errors supports the above picture. In Fig. 8 we show the energy dependence of the reduced 2 values for each observable in the angular range of c.m. ϭ60°-180°for the cross section and analyzing powers. It is clearly seen that the cross section shows a drastic discrepancy between the data and the NN force only predictions ͑light shaded bands͒, and the agreement is significantly improved by considering 3NFs. The vector analyzing power A y d reveals a similar behavior and the description of the data is also improved by adding 3NFs at the two higher energies. For the tensor analyzing powers no calculation is preferred and all of them are of a similar, unsatisfactory quality. Adding a 3NF does not improve drastically the description of the data. For A xx , A yy , and A xz at 270 MeV and for A yy and A xz at 200 MeV adding the TM 3NF ͑dark shaded bands͒ even worsens significantly the pure NN predictions. In conclusion, present tensor analyzing power data reveal deficiencies in the spin-dependent part of the present 3NF models.
VI. SUMMARY AND CONCLUSIONS
We performed measurements of a complete set of deuteron analyzing powers at three intermediate energies E d lab ϭ140, 200, and 270 MeV, covering a wide angular range c.m. ϭ10°-180°. In addition, at 140 and 270 MeV the unpolarized cross section was measured. High-precision data have been obtained. For all deuteron analyzing powers the statistical uncertainties are smaller than 0.03 at all three energies and the systematic uncertainties do not override the statistical errors. For the cross section the statistical errors are within 1.3% and the ambiguity of background subtraction is 3% at most. Also we tried to estimate the systematic uncertainties of the absolute cross section values for d-p elastic scattering by comparing the measured cross section for the pp elastic scattering to that of the calculated one by the SAID code. They are estimated to be less than 2%. In addition, the agreement of the analyzing power and the cross section data obtained in two independent measurements performed with different experimental arrangements gives confidence that the systematic errors due to the detection setup are small. These results show that our data are reliable.
Our data have been compared with predictions based on different nuclear forces in order to look for evidences of 3NF effects and to test present day 3NF models with respect to the effects that these forces cause. Based on the comparison of present data with pure 2N force predictions clear discrepancies have been found for most observables, especially in the middle angular range, which become larger with increasing energy. For the cross section these discrepancies can be removed by including all 3NFs used in the present paper: the TM 3NF, its modified version called TMЈ, and the Urbana IX force. Such a behavior is also found for the vector analyzing power A y d at 200 and 270 MeV. At 140 MeV 3NFs bring theoretical predictions slightly away from data. The possibility of Coulomb force effects playing some role at this lowest energy prevents us from making a definite conclusion in this case. For the tensor analyzing powers the situation is totally different and these observables are challenging. The TM 3NF causes a drastic change with respect to the pure NN predictions; however, its effect leads to an even poorer agreement with the data. The TMЈ and Urbana IX 3NFs generally give similar descriptions of the data. The effects of all 3NFs are angular dependent and become larger at higher energies. However, the experimental data are not explained by any of the 3NFs used. It is interesting to note that the theoretical predictions for these observables depend on the particular 3NF used and the effects of the TMЈ and Urbana 3NFs are mostly opposite to the TM ones. Our results clearly indicate deficiencies in the spin-dependent part of present day 3NF models.
While one can probably neglect pp -Coulomb-force effects for the larger energies, it is very likely that relativity plays a role at our energies. Some indication of those effects comes from high-precision total nd cross section data ͓27͔ and high-energy elastic scattering angular distributions ͓16͔. Discrepancies between the data and nonrelativistic predictions become larger with increasing energy and cannot be removed by the 3NF effects ͑used up to now͒. A simple estimation of kinematical relativistic corrections already exhibits non-negligible effects. In order to get information on the magnitude of relativistic effects for spin observables a relativistic treatment such as proposed in Refs. ͓62,63͔ is required. Interference effects at medium angles for tensor analyzing powers make it probable that incorporation of relativity together with 3NFs might change the predictions for those spin observables.
We checked also the effects predicted by the phenomenological SO-3NF, which was introduced in order to solve the low-energy A y puzzle. This force acting on top of the AV18 and Urbana IX 3NF leads only to small effects at higher energies and it can be concluded that its effects are restricted mostly to the low-energy domain.
The approach in the framework of the coupled-channel formulation of Nd elastic scattering ͓25,64͔ including the intermediate ⌬ gives complementary information on 3NF effects in the 3N continuum. The recent calculations based on the Paris potential ͓65͔ led to predictions that were in qualitative agreement with the effects of present day 3NF models. However, this model, based on the Paris potential, does not provide a good description of the NN data on the level of accuracy given by the modern NN potentials. Predictions that are fully converged with respect to the number of partial waves used and obtained with improved dynamics are required before quantitative conclusions on 3NF effects can be made in the framework of this approach.
The present status is only the very beginning of investigations to find the proper spin structure of the 3NF. The Nd elastic cross section data seem to support the magnitude of the effects predicted by the present day forces. However, spin observables indicate that not every detail is under control. Further theoretical work is necessary in order to establish the proper spin structure of this term in the 3N potential energy. It should be guided by, e.g., the chiral effective field theory approach ͓66-68͔. 3NF effects are especially large at higher energies and also a full relativistic treatment of the 3N continuum is called for.
At intermediate energies the present high-precision data are the first complete set of deuteron analyzing powers for d-p elastic scattering covering a wide angular range and therefore serve as the best testing ground for investigation of 3NF effects. The most important constraints on the proper structure of 3NFs and the significance of relativity will come from a variety of high-precision data. The results of the present paper show that a measurement of tensor analyzing powers at even higher energies is very useful. Also at higher energies elastic scattering data for more complex spin observables such as some polarization transfer or spin correlation coefficients, which exhibit large 3NF dependent effects ͓17͔, would be helpful and should be measured. Another valuable source of information will be the Nd breakup process with its rich spectrum of spin observables, for which at higher energies also large and 3N force-dependent effects have been predicted ͓69͔.
